In this paper, we present an investigation on the ionospheric turbulence from TEC observations before and during the recent activity of Etna's Volcano.
classified among the most active ones globally. Its activity has started back in the Early-Middle Pleistocene (Wezel, 1967) . It is characterized as a composite volcano (cone-shaped mountain), while its eruptions are mostly of strombolian type (moderate bursts of expanding gases). Etna is created at the region where two major faults, the NNW striking Malta Escarpment and the NE striking Messina-Fiumenfreddo fault, are intersecting at the Apennine-Maghrebian thrust belt (Azzaro, 1999) . This setting is responsible for the generation of As Johnston (1997) , in his "Review on Electric and Magnetic Fields Accompanying Seismic and Volcanic Activity", points out, the subset of ionospheric disturbances, generated by trapped atmospheric pressure waves (also termed gravity waves and/or acoustic waves, traveling ionospheric disturbances or TID's) that are excited by earthquakes and volcanic eruptions, are common and propagate to long distances. These are known and expected consequences of earthquakes, volcanic explosions (and other atmospheric disturbances), that must be identified and their effects have to be removed from VLF/ULF electromagnetic field records before associating new observations of ionospheric disturbances with earthquake activity.
In this paper we investigate the ionospheric turbulence from TEC observations before and during this recent activity of Etna's Volcano. This is an effort to further investigate Ionospheric Turbulence frequency content in relation to seismo-volcanic activity as well as its possible connection to pre-seismic and pre-volcanic activity (i.e. Contadakis et al., 2008 Contadakis et al., , 2012 Contadakis et al., , 2015 . 
Observational Data
To this purpose, we use the TEC estimates provided by IONOLAB (http://www.ionolab.org) (Arikan et al., 2009 ) for five mid latitude GPS stations of EUREF network, which cover epicentral distances of 359.08-2,327.29 km and for the period 07/11/2018-05/01/2019. The selected GPS stations are at about the same latitude and, therefore, it is expected to be affected equally from the Equatorial Anomaly as well as from Auroral storms. Table 1 displays the coordinates of the selected GPS stations and their distances from Etna. Figure 3 displays the sites of the five GPS stations and of the Etna Volcano. The IONOLAB TEC estimation system uses a single station receiver bias estimation algorithm, IONOLAB-BIAS, to obtain daily and monthly averages of receiver bias and is successfully applied to both, quiet and disturbed days of the ionosphere, for station position at any latitude. In addition, TEC estimations with high resolution are also feasible (Arikan et al., 2009) 
Data Analysis
The observational data, which constitute a time series, are analysed using Fast Fourier Transform analysis. Since the data resolution is 2.5 min, the nyquist frequency and consequently the power spectrum resolution is 0.00667 Hz. In this work, we are interested in the upper limit of the ionospheric turbulence frequency band which corresponds to the faster propagation dambing constituent of the band. From the slope of the logarithmic power spectrum diagram (as a whole or for each segment of it), we can recognize whether the contributing to the spectrum variations are random or periodical. If they are random the slope will be 0, which corresponds to the white noise, or -2 which corresponds to the Brownian walk, otherwise the slope will be different, the so-called Fractal Brownian walk (Turcotte, 1997) . In order to find the turn point of the slopes in Volume 55
the logarithmic power spectrum we act as follows: From a variety of the lines with slope -2.0 we chose the best fitted line in the high frequency segment of the spectrum by successive trials.We repeated the same procedure with a variety of lines with slope -3.5. These lines intersect at the point of our interest. As an example, Figure 5 displays the logarithmic power spectrum of TEC variations over the GPS station of Matera at the days of the volcano eruption i.e. 25-27/12/2018. It is seen that the slope of the diagram up to the log(f)=-2.2, is -2.
This means that for higher frequencies the TEC variation is random noise. On the contrary, the TEC for lower frequencies exhibits random variations i.e. turbulent. It should be noted that the frequency unit in this particular diagram is the instrumental one, which uses as time unit the sampling gap of the data set (not Hz units). The frequency, in instumental units, is exp(-2.2)=0.1108 which corresponds to 0.1108/(2.5*60)= 0.00073867 Hz=738.67 μHz. Therefore, we conclude that the upper frequency limit fo of the turbulent band is 738.6 μHz.
Equivalently, the lower period limit Po of the contained turbulent is 22.563 minutes. This means that we can trace the presence of periodicity in the logarithmic power spectrum of TEC variations. This method was successfully applied in our previous work (Contadakis et al., 2015) in order to find the frequency content of TEC turbidity. It is realized that the upper frequency limit fo of the spectrum of TEC variations increases as we approach the source of the ionospheric turbidity modulation, in our case the Etna's Volcano eruption. 
Results and Discussion
Figures 6 and 7 display the variation with time and distance of the TEC turbulent frequency upper limit fo (lower Period limit Po), over the nearest to Etna EUREF GPS station of MATE. It is observed a strong dependence of the upper frequency fo (lower period Po) limit of the Ionospheric turbulent content on the time to the eruption and on the distance to the nearest to the volcano GPS station of MATE.
In particular, the closer to the Volcano eruption day the higher the frequency fo limit is (lower period Po). For comparison reasons, the upper frequency limit fo of the turbulent band over YEBE, a sufficiently remote to Etna EUREF GPS station, is added in Figure 6 . Figures 8 and 9 show the variation of the upper frequency fo and of the lower period Po, limits of Ionospheric turbulence content over the selected GPS stations at the days of Etna Volcano eruption (25-27/12/2018) and at a period of calm days (07-09/11/2018). It is seen that at the days of Volcano eruption the Ionospheric turbulence upper frequency limit, fo, decreases (the lower period limit, Po, increases) with distance. On the contrary, this is not happening during the calm days. These results indicate time and space convergence of increasing turbulence frequency limit fo to the Etna volcano eruption. Hobara et al. (2005) in a study on the ionospheric turbulence in low latitudes concluded that the correlation of the turbulence with earthquake generation and not with other phenomena, i.e. solar activity, storms etc., is not conclusive. Nevertheless, in our case, the clear increase of the frequency limit fo with time to the eruption (and its decrease after it) as well as its respective decrease with distance from the volcano (inverse behaviour of the period limit Po), is a strong and decisive indication that the observed turbulence is generated by the respective eruption process. An important result of our observation is that no effect on Ionospheric turbulence band is observed at distances greater than 1,000 km, at the most, from the Volcano. As Johnston (1997) pointed out, the subset of ionospheric disturbances generated by trapped atmospheric pressure waves (also termed gravity waves and/or acoustic waves, traveling ionospheric disturbances or TID's) that are triggered by earthquakes and volcanic eruptions are common and propagate to long distances. These are known and expected consequences of earthquakes, volcanic explosions and atmospheric disturbances, that must be identified and Volume 55 their effects must be removed from VLF/ULF electromagnetic field records before associating new observations of ionospheric disturbances with earthquake activity.
Thus, a qualitative explanation of our results can be offered based on the LAIC mechanism, through the Acoustic gravity wave. Tectonic activity during the earthquake preparation period or volcanoes activity, produce anomalies at the ground level which propagate upwards in the troposphere as Acoustic or
Standing gravity waves (Hayakawa, 2011; Hayakawa et al., 2011 Hayakawa et al., , 2018 Pulinets et al., 2018) . These Acoustic or Gravity waves affect the turbidity of the lower ionosphere, where sporadic Es-layers may appear too, as well as the turbidity of the F layer. Subsequently, the produced disturbance starts to propagate in the ionosphere's waveguide as gravity wave. At the same time, the inherent frequencies of the acoustic or gravity waves can be traced on TEC variations (i.e. the frequencies between 0.003 Hz, period 5 min, and 0.0002 Hz, period 100 min), which, according to Molchanov et al. (2004 Molchanov et al. ( , 2005 and Horie et al. (2007) , correspond to the frequencies of the turbulence induced by the LAIC coupling process to the ionosphere. As we move far from the disturbed point, in time or in space, the higher frequencies (shorter wavelength) variations are progressively attenuated.
Conclusions
The results of our investigation, on the occasion of the Etna's volcanic activity of December 2018, indicate that the high-frequency limit fo , of the ionospheric turbulence band content, is increasing with time to the volcano eruption. At the same time, fo decreases with distance from the volcano. We conclude that the LAIC mechanism by acoustic or gravitational waves could explain this observation in an analogous way that deduced the connection of fo with the seismic activity. That is, tectonic activity during the volcanic and/or earthquake preparation period produces anomalies at the ground level, which propagate upwards in the troposphere as Acoustic or Standing Gravity waves (Hayakawa, 2011; Hayakawa et al., 2018) . These Acoustic or Gravity waves affect the turbidity of the lower ionosphere. Subsequently, the produced disturbance starts Volume 55 to propagate in the ionosphere's waveguide as gravity wave. During this propagation, the higher frequency constituents of the turbulent band are damping faster. As a result, the upper limit frequency of the turbulent band moves to lower values as we move away, in space or in time, from the site or the time of the eruption. Our observations indicate that the effect of volcanic eruption on ionospheric turbulence band content is insignificant at distances greater than 1000 km (at the most), a fact that we must also have in mind in our research on Ionospheric turbulence in relation to earthquake precursors research. It should be noted that the present distribution of the GPS stations does not allow the detection of a possible shorter distance for the volcano's unaffected ionospheric turbulence band content.
